Subcellular localization of renal kallikrein by ultrastructural immunocytochemistry  by Vío, Carlos P. & Figueroa, Carlos D.
Kidney International, Vol. 28 (1985), pp. 36—42
Subcellular localization of renal kallikrein by ultrastructural
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Subcellular localization of renal kallikrein by ultrastructural immuno-
cytochemistry. The subcellular distribution of immunoreactive kal-
likrein was described in the rat nephron using ultrastructural immuno-
cytochemistry. The renal tissue was fixed with a mixture of buffered
picric acid-paraformaldehyde-glutaraldehyde and immunostained with
the peroxidase-antiperoxidase method for the electron microscope with
the following steps: (1) antikallikrein antiserum, (2) anti-IgG serum, (3)
peroxidase-antiperoxidase complex, (4) 3—3' diaminobenzidine-H202,
and (5) post-staining with osmium tetroxide. Preabsorption of the
primary antiserum with purified rat urinary kallikrein and substitution
with normal serum were used as controls. As we have described
previously, kallikrein was present exclusively in the connecting tubule
cell of the distal nephron. Subcellularly, kallikrein was distributed in
luminal membranes, basal membranes, rough endoplasmic reticulum,
Golgi apparatus, and vesicles. The immunoreactive vesicles were
present in the proximity of the Golgi apparatus and in the cytoplasm in
the way between the Golgi and the luminal and basal plasma mem-
branes. No immunostaining was observed in other subcellular compo-
nents of the connecting tubule cell or in the other type of cell. With the
description of kallikrein in subcellular organelles involved in the syn-
thesis, processing, and transport of glycoproteins, we have advanced an
hypothetical intracellular processing pathway for renal kallikrein.
Localisation subcellulaire de kallikréine rénale par immunocytochimie
ultrastructurale. La distribution subcellulaire de Ia kallikréine im-
munoréactive a été décrite dans le néphron de rat par im-
munocytochimie ultrastructurale. Le tissu renal était fixé avec un
mélange tamponné d'acide picrique-paraformaldehyde-glutaraldehyde
et immunocoloré par Ia méthode peroxydase-antiperoxydase pour
microscopie électronique avec les étapes suivantes: (1) antiserum
antikallikréine, (2) serum anti-IgG, (3) complexe
peroxydase-antiperoxydase, (4) 3—3' diaminobenzidine-H202, and (5)
post-coloration au tetroxyde d'osmium. La preabsorption de
l'antisérum primitif avec de Ia kallikréine urinaire purifiee de rat et Ia
substitution par un serum normal ont été employees comme contrOles.
Comme nous l'avons décrit préalablement, Ia kallikréine était présente
exclusivement dans Ia cellule du tubule connecteur du néphron distal.
La kallikréine subcellulaire était distribuée dans les membranes
luminales, les membranes basales, le reticulum endoplasmique
rugueux, l'appareil de Golgi, et les vésicules. Les vésicules im-
munoréactives étaient présentes a proximité de l'appareil de Golgi et
dans le cytoplasme en chemin entre le Golgi et les membranes
plasmiques luminales et basales. Aucune immunocoloration n'était
observée dans d'autres constituants subcellulaires de Ia cellule du
tubule connecteur, ni dans aucun autre type cellulaire. Avec Ia descrip-
tion de Ia kallikrCine dans les organelles subcellulaires impliqués dans Ia
synthése, le processing et le transport des glycoprotéines, nous avons
avancé une vole de processing intracellulaire hypothétique de Ia kal-
likréine rénale.
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The renal kallikrein-kinin system is a multi-enzymatic system
that appears to be involved in complex intrarenal as well as
extrarenal events. The exact role of the system in the kidney
remains a matter of controversy because our present knowledge
of the precise localization of some of its components is limited
[1—31.
Since 1961, when kallikrein activity was described in rat
kidney homogenates by Werle and Vogel [4], a large number of
studies have been undertaken to localize the enzyme in the
kidney. Most of the work has been done with the assumption
that its origin is the kidney, even though some authors have
postulated that the kallikrein content of the kidney very likely
represents renal accumulation of circulating glandular kallikrein
[5, 6].
The presence of kallikrein activity has been reported mainly,
but not exclusively, in the cortex, that is, in proximal tubules [7]
distal convoluted tubules, [8] and glomeruli [9]. In the outer
medulla, a kallikrein-like activity has been described by histo-
chemical methods [10] and by using immunocytochemistry in
certain duct segments in the papilla [7], We described recently
the localization of renal kallikrein in the connecting tubule cell
of the distal nephron of the rat by means of ultrastructural
immunocytochemistry [11]. The localization in the connecting
tubule has been suggested by others using microdissected
segments of rabbit nephron [12, 13] and rat nephron [14].
By means of different subcellular fractionation methods, the
activity of kallikrein has been reported in the microsomes [15],
endoplasmic reticulum [16], plasma membranes [16—18],
lysosomes [19, 20], lysosome-like particles [21], microsomal
fraction and crude light mitochondrial fraction [22], and by an
immunoglobulin-enzyme bridge technique in reabsorption drop-
lets of proximal tubules [7].
The present work was done to study the subcellular distribu-
tion of kallikrein in the kidney using ultrastructural immunocy-
tochemistry, a method that combines the specificity of the
immunocytochemistry with the resolution of the electron mi-
croscope. This has proved to be a successful tool to study the
localization of several antigens such as hormones and enzymes
at the subcellular level [23].
Methods
Sheep antiserum against rat urinary kallikrein and purified rat
urinary kallikrein were donated by Dr. John J. Pisano from the
National Heart, Lung and Blood Institute, National Institutes
of Health, Bethesda, Maryland, USA. Rabbit antiserum against
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Fig. 2. Connecting tubule. Thick section (1 .0t) of the material embed-
ded in Epon-Araldite examined at light microscopy. Kallikrein-specific
immunostaining is observed exclusively in the connecting tubule cell of
the connecting tubule (CNT). A dense immunostaining is present in the
apical portion and in the perinuclear area corresponding to the Golgi (g).
No immunostaining is observed either in the intercalated cell (Ic) or in
the proximal tubule (PT). Triple arrows point to localized unstained
reabsorption droplets of the PT. Other abbreviations are: C, capillary.
(xl,000)
Fig. 1. Ultrastructural fratures of the cells characteristic of the con-
necting tubule by conventional electron microscopy. An intercalated
cell (Ic) in the upper and a connecting tubule cell (CNTc) in the lower.
Note that both cell types clearly are different. The CNTc has a rather
smooth luminal surface, well-developed basal infoldings, a large
number of rod-shaped, elongated mitochondria, and a Golgi (G) in a
juxtanuclear position, contrasted with the Ic that has luminal microvilli
or microfolds, short basal infoldings, and fewer mitochondria. A close
anatomical relationship is observed between the CNTc and fenestrated
capillaries (FC). Other abbreviations are: PTc, proximal tubule cell, L,
lumen. (x5,800)
rat urinary kallikrein was donated by Drs. 0. A. Carretero and
S. F. Rabito from the Hypertension Research Laboratory,
Henry Ford Hospital, Detroit, Michigan, USA. Goat antiserum
against rabbit IgG, normal rabbit serum, normal goat serum,
and peroxidase-antiperoxidase (PAP) of rabbit origin were
obtained from Sternberger-Meyer, Jarrestville, Maryland,
Fig. 3. Apical portion of a immunostained connecting tubule cell.
Kallikrein-specific immunostaining is observed along the luminal
plasma membrane (Lrn) and in the cytoplasm in single membrane
vesicles (sv) (x 12,900) Inset Higher magnification of a kallikrein im-
munostained vesicle near the luminal plasma membrane. (x48,700)
USA. Rabbit antiserum against sheep IgG and normal serum
were obtained from Cappel Laboratories, West Chester, Penn-
sylvania, USA. 3—3' diaminobenzidine tetrahydrochioride and
lambda-carrageenan from Sigma, St. Louis, Missouri, USA;
Epon, Araldite, glutaraldehyde, paraformaldehyde, and osmi-
um tetroxide from Ted Pella, Inc., Tustin, California, USA.
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Fig. 4. Apical and perinuclear area of a connecting tubule cell. A dense immunostaining specific for kallikrein is present in the cisternae of the Golgi
apparatus (0), in single membrane vesicles (sv), and along the luminal plasma membrane (Lm). No immunostaining is observed in lysosomes (Ly).
(x 18,700) Inset Arrows point to a higher magnification of a immunostained vesicle fused to the luminal plasma membrane. (x40,700)
Tissue processing
Kidneys from male Holtzman rats of 300 to 400 g body wt
were used. The kidneys were removed under anesthesia, sliced
quickly in 2 mm pieces including cortex and medulla and fixed
by immersion in buffered picric acid-paraformaldehyde-glutar-
aldehyde fixative (Zamboni's fixative plus 1% glutaraldehyde)
for 4 to 8 hr at room temperature (22°C) [111.
Immunostaining
The immunostaining procedure used was a modification of the
method we have used already for the description of the cellular
localization of renal kallikrein. The modification consisted of the
omission of Triton X-100 from the incubation buffer as it was shown
that the detergent produces partial removal and relocalization of the
enzyme [241. Therefore, the antisera and PAP complex were diluted
in 0.05 M Tris buffer pH 7.8 containing 0.7% lambda-carrageenan.
The tissues already fixed were cryostat sectioned into 40 s sections,
washed in 0.1 M phosphate buffer pH 7,4 for 2 hr, and immunostained
with the following steps.
Incubation with: 1) Rabbit antiserum against rat urinary
kallikrein (1:10,000) for 18 hr. When sheep antiserum was used,
the first step was incubation with sheep antiserum against rat
urinary kallikrein (1:35,000) for 18 hr and the second step was
incubation with rabbit antiserum against sheep IgG (1:500) for
30 mm. Thereafter the procedure for both primary antisera
(rabbit and sheep) were similar. 2) Goat antiserum against
rabbit IgG (1:50) for 30 mm. 3) Peroxidase-antiperoxidase
complex of rabbit origin (1:75) for 30 mm. All the incubations
were done at 22°C in 20 ml glass vials under gentle shaking in a
rotatory shaker (Penetron, Sunkay Laboratories, Inc., Japan).
Between incubation the tissues were washed with buffer three
times for 10 mm each time. 4) Staining for 15 mm in a buffer
solution containing 0.2% 3—3' diaminobenzidine tetrahydrochlo-
ride and 0.1% hydrogen peroxide. 5) Intensification for electron
microscopy by subsequent exposure to 1% osmium tetroxide
for 2 hr at 4°C. The tissue sections were cut then into small
pieces (2 x 2mm), dehydrated in graded ethanol acetone, and
embedded in a mixture of Epon-Araldite [25].
Light microscopy
Sections were cut at 1.0 with a glass knife on an
ultramicrotome (2128 Ultratome, LKB, Stockholm, Sweden)
and stained with toluidine blue. For electron microscopy, thin
sections (600A) were cut with a diamond knife, mounted on
copper grids, contrasted with lead citrate for 30 sec and
examined at 60 KV with an electron Phillips EM-300 (Phillips,
Eindhoven, Holland) or a Hitachi H-700 microscope (Hitachi
Ltd., Tokyo, Japan).
Conventional electron microscopy
For conventional electron microscopy studies, the tissue
slices were fixed by immersion in 4% paraformaldehyde, 2.5%
glutaraldehyde in 0.2M phosphate buffer pH 7.4 for 2 hr and
postfixed in 1% 0s04 for 2 hr at 4°C. The tissue sections were
dehydrated and embedded as described above.
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In the basal portion, there were prominent membrane infold-
ings that penetrated deeply into the cell body and reached to the
most apical regions. Some of the infoldings contained rod-
shaped, elongated mitochondria. The lateral infoldings were
sparse and did not interdigitate with the neighboring cells. For
this reason, they constituted truly basal infoldings rather than
basolateral infoldings.
Immunocytochemis try
Fig. 5. Golgi apparatus of a connecting tubule cell. A dense im-
munostaining is observed in the Golgi apparatus (G), filling the lumen of
the cisternae, and along some portions of the basal infoldings (arrows).
(x20,000) Inset Shows immunostained single membrane vesicles (sv)
near the basal infoldings of the plasma membrane and to the extracel-
lular space(s). (x22,400)
Controls
The appropriate controls were maintained by the replacement
of the primary antiserum for normal rabbit or sheep sera and by
preabsorption of the primary antiserum with purified rat urinary
kallikrein.
Results
Conventional electron microscopy
As we have described previously, the kallikrein immunoreac-
tive cells corresponded to the connecting tubule cells. The main
ultrastructural features of the connecting tubule cell are de-
picted in Figure 1. This type of cell has a rather smooth luminal
surface, contrasting with the neighboring intercalated cells
which were rich in microvilli or microfolds. The connecting
tubule cell has a cuboid body with the nucleic localized in the
midportion with a well-developed Golgi apparatus found around
the lower part of the nuclei. The cytoplasm contained a mod-
erate number of ribosomes as polysomes in the most apical cell
region attached to endoplasmic reticulum and appeared as
rough endoplasmic reticulum in the region closer to the Golgi
apparatus, Vesicles with an electrolucent content were ob-
served in the cytoplasm near the Golgi apparatus and the
plasma membranes.
Light microscopy. In 1.0 s sections of the material embedded
for electron microscopy, kallikrein immunostaining was ob-
served over some cells of the connecting tubule cell and
contrasted with the clear unstained background. The im-
munoreactive cells were intermingled with immunonegative
cells corresponding to the intercalated cells. The immunoreac-
tive kallikrein was localized in the most apical regions of the cell
and in the perinuclear area as seen in Figure 2. No im-
munostaining was observed in other segments of the nephron.
Electron microscopy. In the ultrathin sections of the material
immunostained for kallikrein, a specific immunostaining was
observed in some subcellular components of the connecting
tubule cell: (a) plasma membranes; (b) rough endoplasmic
reticulum; (c) Golgi apparatus; and (d) vesicles. The following
observations were made: (a) plasma membranes; a dense stain-
ing for kallikrein was observed along the luminal plasma mem-
branes up to a point ending in the intercellular junctions (Fig. 3
and 4). The staining was observed as well in the basal infoldings
of the plasma membranes that penetrate deeply into the cell
body, reaching the region close to the perinuclear area (Fig. 5
and 7). The infoldings were close to capillary vessels with
fenestrated endothelium. The presence of basement membranes
and red blood cells in the capillaries indicate they correspond to
blood vessels rather than lymphatic vessels. (b) Rough
endoplasmic reticulum (RER) (Fig. 6): The immunoreactive
kallikrein was observed as part of the cisternal content of the
RER, bound to the internal face of the cisternal membrane, and
close to sites where the ribosomes were attached (see inset Fig.
6), as well as in the perinuclear cisterna (not shown). No
staining was observed either on the ribosomes or in the cytosol
surrounding the RER or in free polyribosomes. (c) Golgi
apparatus (Fig. 4 and 5): The Golgi apparatus, located in a
juxtanuclear position, consisted of numerous cisternal elements
disposed in parallel array and showed the immunoreactive
kallikrein as a dense and continuous staining filling the cisternal
lumen. (d) Vesicles (Fig. 3, 4, 5): Single membrane im-
munoreactive vesicles were observed in close proximity to the
Golgi apparatus, (Fig. 4), to both luminal and basal plasma
membranes, and in the cytosol in the way between the Golgi
and the plasmalemma (Fig. 3, 4, 5). Some of the vesicles were
in close contact with the plasma membranes or fused with them
(Fig. 3 and 4). The immunoreactive vesicles had a diameter
ranging 100 to 200 nm and were electrolucent to the conven-
tional electron microscopy. No immunostaining was observed
in the cytosol, in free ribosomes, lysosomes, or in any other
subcellular components of the connecting tubule cell or any
other type of cell.
Similar patterns of immunostaining was obtained with both
primary antisera raised in different species (rabbit and sheep)
and obtained from different laboratories. When either primary
antiserum was absorbed with purified rat urinary kallikrein or
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Fig. 6. Rough endoplasmic reticulum of a
connecting tubule cell. Kallikrein is present as
a dense immunostaining in the rough
endoplasmic reticulum (RER) located in the
perinuclear area between numerous
mitochondria. (x 45,600) Inset Higher
magnification of an immunostained portion of
RER. Note the immunoreaction is in the
cisternal space and associated to the
endoplasmic membrane. The attached
ribosomes (R) (arrows) remain unstained.
(x 160,000)
was replaced with normal rabbit or sheep serum, no im-
munostaining was observed in the connecting tubule cell or any
other type of cell.
Discussion
The ultrastructural immunocytochemistry has been used suc-
cessfully to determine the localization of a large number of
hormones and enzymes in many tissues, as well as its
subcellular distribution [231. In the present study, this tech-
nique was used to report a detailed description of the
subcellular distribution of immunoreactive renal kallikrein.
Previously, we have used this method to establish the cellular
localization of renal kallikrein in the distal nephron of the rat
[11]. Our previous work has been confirmed wherein we re-
ported the presence of immunoreactive kallikrein exclusively in
one type of cell of the rat nephron corresponding to the
connecting tubule cell [111. This type of cell together with the
intercalated cell are the components of the connecting tubule, a
segment localized between the distal convoluted tubule and the
cortical collecting duct, which ultrastructural features were
described by Crayen and Thoenes [26] and reviewed by Kais-
sling [271. Kallikrein was not detected in any other cortical or
medullary cells. Therefore, our results disagree with those
reporting its presence in proximal tubules [7] outer medula [101,
glomeruli [91, and in duct segments in the papilla [7].
The discrepancies could be explained by the use of methods
with different sensitivity and resolution, that is, light micros-
copy vs. electron microscopy and histochemistry vs. immuno-
cytochemistry. In the study of Kimura et al, a kallikrein-like
pro-phe-arg-naphthylester esterase activity was described in
tubules of the outer stripe of the outer medulla where a segment
of the proximal tubule, the ascending thick limb of Henle, and
the collecting duct reside [10]. In that study, no attempt was
made to identify the type of cells where the kallikrein-like
activity was observed due to the poor structural preservation of
the tissue incubated histochemically. Besides, the enzymatic
activity was inhibited by diisopropylfluorphosphate but not by
aprotinin, and most likely corresponded to other serine
protease but not to kallikrein, due probably, to the nonkinin-
generating esterase enzyme described by Pinkus et al [28] in
human kidney.
Subcellular distribution
In our previous study on the cellular localization of renal
kallikrein [11] we found immunoreactive kallikrein free in the
cytosol, in free polyribosomes, in the area surrounding the RER
and Golgi apparatus, and in small portions of the plasma
membranes. Altogether this localization was suggestive of the
intracellular relocalization of the enzyme during the tissue
processing method [24]. While useful for the description of
renal kallikrein at the cellular level (confirmed in the present
study), the method we used previously [11, 241 was unable to
yield useful information on the intracellular distribution of the
enzyme. Therefore, we modified the tissue processing method.
The present method was performed in the absence of the
detergent (Triton X-l00) while maintaining carrageenan in the
incubation buffer. With this modified method, we have been
able to localize kallikrein in the perinuclear cisterna, in the
cisternal content of the RER and Golgi complex, in vesicles
resembling Golgi-derived secretory vesicles, and along exten-
sive areas of the basal and luminal plasma membrane.
The subcellular distribution of immunoreactive kallikrein
reported here agrees with the description of kallikrein activity
in subcellular fractions obtained by others, that is, in the
endoplasmic reticulum by Nustad [15] and Ward et al [16],
microsomal fraction (composed of fragmented rough and
smooth endoplasmic reticulum, including membranes of the
Golgi) by Brandan et al [22], in plasma membranes by Ward et
al [16] and Nishimura et al [17], and in basolateral membranes
by Yamada and Erdös [181.
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CNTc
Fig. 8. Diagram of the subcellular distribution of renal kallikrein and its
hypothetical intracellular processing pathway. An oversimplified
scheme of a connecting tubule cell (CNTc) is shown in between
intercalated cells (Ic), in the upper area, the lumen, and in the lower,
the blood capillary lined with fenestrated endothelium. Dashed areas of
the CNTc represent the places where the immunoreactive kallikrein is
distributed, that is, RER, Golgi, vesicles (sv), and plasma membranes.
Numbers represent the sequence of the hypothetical processing path-
way: RER, I; Golgi, 2; vesicles, 3. The vesicles could go either way (or
both) to the luminal membrane (3a), and to the basal membrane (3b).
Fig. 7. Plasma basal membrane infoldings of a connecting tubule cell.
Extensive parts of the basal plasma membranes show a neat kallikrein
immunostaining (arrows). Note the numerous elongated, rod-shaped
mitochondria in between the infoldings, and the fenestrated capillary
(FC) in contact with the basal part of the cell. (x 17,000) Inset Higher
magnification of the immunoreaction in the basal membrane infoldings
(arrows). The immunoreactive kallikrein can be observed on the basal
plasma membranes and in the extracellular space between the mem-
branes. (x29,000)
We did not find immunoreaction either in reabsorption drop-
lets of the proximal tubule cells or in lysosomes of any type of
cell. Our results disagree with those of Carvalho et al [19],
Baggio et al [20], Heidrich and Geiger [21], and Simson et al [7].
The localization of kallikrein in lysosome-like or lysosomes
subcellular fractions could be explained because the lysosomes
and secretory vesicles may be physicochemically similar and
may have sedimented together during the process of subcellular
fractionation [22]. The synthesis of kallikrein by rat kidney was
proposed by Nustad et al [29], and further studies in the isolated
perfused kidney by Roblero et at [30] and in studies using [35S]
methionine labelling in vivo by Miller et al [31] have confirmed
Nustad's proposal.
Numerous studies have shown that proteins for secretion are
synthesized by attached polysomes and segregated rapidly into
the cisternal space of the RER where they are transported to the
Golgi. The Golgi complex is involved in the transport, post-
translational modification, and packaging of secretory proteins
received from the RER into membrane containers to form
secretory vesicles. The vesicles arising from the Golgi reach the
cell membrane, fuse with the membrane, and discharge their
content on the extracellular space [32, 33]. This could be the
case with kallikrein, as it is found all along this theoretical
secretory pathway beginning in the rough endoplasmic
reticulum and ending in the cell membrane (Fig. 8). Although
we have established the presence of kallikrein in single-
membrane vesicles, we have no evidence that they are indeed
secretory vesicles. At present we do not know whether the
immunoreactive vesicles transport kallikrein to the plasma
membranes for insertion or for exocytosis or both. In fact, the
few plasmalemmat glycoproteins investigated so far are synthe-
sized, processed, and transported like secretory proteins, ex-
cept that the transfer of the corresponding peptide is arrested
through the membrane so that the protein acquires a
transmembrane topography [33].
Thus far we have documented the presence of kallikrein from
the rough endoplasmic reticulum to the plasma membranes.
However, neither from other literature nor from our own results
can we anticipate conclusively whether the final destination of
the enzyme is the membrane or in secretion. Kallikrein could
act in the membrane as an ectoenzyme, as demonstrated in
viable cortical cell suspensions by Chao and Margolius [34].
Kallikrein could be released also to the urine and vascular
compartment, as it is found in both effluents in the isolated
perfused kidney [30, 35, 36] and in renal lymph and urine in vivo
[37]. It is worth noting that kallikrein going to both the luminal
and basal plasma membrane would be located strategically to
act on the substrate kininogen in either the tubular fluid or the
Capiflary
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peritubular space generating kinins, which in turn are able to
influence the renal function directly or via stimulation of
prostaglandins production [381.
In summary, using ultrastructural immunocytochemistry we
have described in detail the subcellular distribution of renal
kallikrein in the connecting tubule cell. In the present work, we
have proposed a hypothetical intracellular processing pathway
for the enzyme.
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